Signaling from the T-cell receptor (TCR) conditions T-cell differentiation and activation, requiring exquisite sensitivity and discrimination. Using mass cytometry, a high-dimensional technique that can probe multiple signaling nodes at the single-cell level, we interrogate TCR signaling dynamics in control C57BL/6 and autoimmunity-prone nonobese diabetic (NOD) mice, which show ineffective ERK activation after TCR triggering. By quantitating signals at multiple steps along the signaling cascade and parsing the phosphorylation level of each node as a function of its predecessors, we show that a small impairment in initial pCD3ζ activation resonates farther down the signaling cascade and results in larger defects in activation of the ERK1/2-S6 and IκBα modules. This nonlinear property of TCR signaling networks, which magnifies small initial differences during signal propagation, also applies in cells from B6 mice activated at different levels of intensity. Impairment in pCD3ζ and pSLP76 is not a feedback consequence of a primary deficiency in ERK activation because no proximal signaling defect was observed in Erk2 KO T cells. These defects, which were manifest at all stages of T-cell differentiation from early thymic pre-T cells to memory T cells, may condition the imbalanced immunoregulation and tolerance in NOD T cells. More generally, this amplification of small initial differences in signal intensity may explain how T cells discriminate between closely related ligands and adopt strongly delineated cell fates.
Signaling from the T-cell receptor (TCR) conditions T-cell differentiation and activation, requiring exquisite sensitivity and discrimination. Using mass cytometry, a high-dimensional technique that can probe multiple signaling nodes at the single-cell level, we interrogate TCR signaling dynamics in control C57BL/6 and autoimmunity-prone nonobese diabetic (NOD) mice, which show ineffective ERK activation after TCR triggering. By quantitating signals at multiple steps along the signaling cascade and parsing the phosphorylation level of each node as a function of its predecessors, we show that a small impairment in initial pCD3ζ activation resonates farther down the signaling cascade and results in larger defects in activation of the ERK1/2-S6 and IκBα modules. This nonlinear property of TCR signaling networks, which magnifies small initial differences during signal propagation, also applies in cells from B6 mice activated at different levels of intensity. Impairment in pCD3ζ and pSLP76 is not a feedback consequence of a primary deficiency in ERK activation because no proximal signaling defect was observed in Erk2 KO T cells. These defects, which were manifest at all stages of T-cell differentiation from early thymic pre-T cells to memory T cells, may condition the imbalanced immunoregulation and tolerance in NOD T cells. More generally, this amplification of small initial differences in signal intensity may explain how T cells discriminate between closely related ligands and adopt strongly delineated cell fates.
CyTOF | signaling | single-cell | NOD | diabetes E ngagement of the T-cell receptor (TCR) by peptides bound to major histocompatibility complex (MHC) molecules conditions virtually all phases of T-cell differentiation and activation. For mature T cells, signals from the TCR engaged by cognate antigenic ligands trigger proliferative expansion and effector differentiation. For immature thymocytes, cell fate decisions depend on signals from self-ligands: positive selection into mature T cells, clonal deletion by apoptotic cell death, or deviation into alternative differentiation pathways, such as NKT or FoxP3
+ regulatory T cells (Tregs). Contrasting with these radically different outcomes, these ligands engage the TCR within a narrow range of moderate to low affinity. Signal transduction downstream from the TCR must somehow transform the many similar signals emanating from the TCR into clearly different transcriptional outcomes.
The nonobese diabetic (NOD) mouse model of type 1 diabetes (T1D) is arguably one of the best models of human autoimmune disease, sharing with human T1D strikingly similar genetic determinism and many pathological features. The central role of T cells in T1D is clearly established, consistent with the major impact of the MHC on susceptibility. However, the paths through which the NOD or human genetically susceptible backgrounds lead to a breakdown in the normal barriers of selftolerance remain poorly understood. In principle, one could hypothesize an increased burden of autoreactive T cells, primary defects in immunoregulatory pathways, such as Tregs, or both. Any of these might result from altered TCR signal transduction.
A primary defect in thymic deletion of autoreactive thymocytes in NOD mice had been suggested by several studies (1) (2) (3) (4) , but our more recent work (5) showed that the phenotypes observed in TCR transgenics on the NOD background were not caused by a resistance to negative selection but instead, inefficient deviation to the γδT lineage. This phenotype was caused by a selective defect in ERK1/2 activation downstream of the TCR, which is apparently an isolated defect, because calcium mobilization and general phosphotyrosine activation seemed normal in activated NOD T cells (5) . This defect in ERK phosphorylation on TCR engagement was recently confirmed by an independent study (6) , and it manifests at all stages of T-cell differentiation from early thymic pre-T cells to mature T cells in peripheral organs.
ERK1/2 kinases play a key role in many cell types for cell survival and proliferation (7) . Surprisingly, they are not mandatory for either T-cell proliferation or clonal deletion induced by self-recognition (8) (9) (10) (11) . Because ERK1/2 kinases are strictly required for positive selection into mature thymocytes (9), the ERK deficiency in the NOD T-cell lineage might result in an affinity shift or reduced diversity in the TCR repertoire of Significance Activation of T lymphocytes by the rearranged T-cell receptor (TCR) conditions essentially all aspects of their differentiation and function, and variations in the efficacy of signal transduction condition pathogen resistance and autoimmune deviation. We explored the defects in signal transduction downstream of the TCR in diabetes-susceptible nonobese diabetic (NOD) mice using mass cytometry and computational processing of single-cell data. We found that small initial differences in the efficacy of triggering at the apex of the cascade result in much more profound differences downstream, with the system being set to amplify the discriminating power of initial sensing to arrive at more marked response/no response decisions within T cells.
conventional T cells (Tconvs) and/or Tregs, a prediction that agrees with previous observations (12) .
It is, thus, important to understand the molecular origin and consequences of the sluggish ERK activation in NOD T cells. TCR signaling pathways in NOD mice have not been explored with currently available technologies. Early reports suggested a defect in RAS activation in NOD T cells (13) , a defect proposed to result from an enhanced association of Fyn with the TCR (14) or an excess of free TCRζ and CD3γe chains on the plasma membrane (15) . To define the footprint of NOD genetic variation on TCR signaling networks in a systematic manner, we analyzed the dynamics of the events at 16 different steps of the TCR-induced signaling cascade by multidimensional mass cytometry (16, 17) . We applied novel conditional density-based visualization and quantitative edge analyses to assess, at the single-cell level, the transmission of signal between nodes, allowing the quantitative comparison of transduction efficiency at these steps (edges in network terminology). We uncovered mechanisms that explain how amplification of signal discrimination may stem from the emergent properties of the TCR signaling network.
Results
To trace the origin and consequences of the ERK signaling defect in NOD T cells, we took advantage of the multidimensional capabilities of mass cytometry and assessed the phosphorylation status of 16 different nodes of the TCR signaling cascade over time at single-cell resolution. Thymic or lymph node cell suspensions from C57BL/6.H2 g7 (B6 g7 ) and NOD mice were stimulated simultaneously (biotinylated anti-TCR and -CD28 crosslinked with streptavidin) in the same tube, a key aspect of the protocol that ensured synchrony of responses and largely eliminated most sources of confounding differences between responding cells. At various time points, cells were fixed and stained with 24 metal-conjugated antibodies. These included reagents against nine cell surface markers to distinguish various T-cell subpopulations and against CD45.2 and CD45.1 alleles to distinguish cells from B6 g7 and NOD origin (Fig. 1A) . Sixteen antibodies probed the phosphorylation level of key nodes of the pathways triggered by TCR engagement with different kinetics (Fig. 1 B and C) . Overall, the panel probed several major signaling pathways in T cells, including the most proximal signaling nodes (pCD3ζ, pZAP70, pLAT, pSLP76, and pc-CBL), the NF-κB pathway (pNF-κB and IκB total protein levels), the ERK1/2 MAPK pathway (pERK1/2 and pS6), the p38 pathway (pMAPKAPKII), the AKT-mTOR pathway (pAKT, pS6, and p4EBP1), the CREB pathway (pCREB), and the integrin pathway (pFAK) (Fig. 1C and Table S1 ).
Selective Attenuation of TCR Signaling in NOD Mice. We first compared phosphorylation events induced by anti-TCR/CD28 triggering of naïve (CD4
Tconvs from freshly harvested lymph nodes of B6 g7 and NOD mice (4-5 wk of age when autoimmune activation is still very limited in NOD mice).
The results display graphically the progression of the signal through these different nodes ( Fig. 2A) . Phosphorylation of CD3ζ was the earliest event detected, but it was transient and became almost undetectable after 2 min. Phosphorylation of the downstream SLP76 and LAT adaptor molecules was more sustained but also waned by 3 and 6 min, respectively. In contrast to these proximal nodes, ERK phosphorylation was not detected until 2 min poststimulation. The phosphorylation of S6 ribosomal protein and CREB (two nonexclusive targets of ERK1/2) as well as MAPKAPKII (a p38 target) peaked a little later and was sustained until 20 min. NF-κB and RB showed sustained phosphorylation levels during the entire stimulation without evidence of down-modulation. IκB degradation was not detected until after 20 min poststimulation. Finally, some of the probed signaling nodes gave weak or undetectable signals (pZAP70, pCBL, and pAKT in particular) because of either the weak affinity of the corresponding antibodies or the low target abundance in these conditions (clear phosphorylation was detected for all of these phosphoproteins when cells were stimulated with anti-CD3/CD28/CD4 antibodies) (Fig. 2C) .
Relative to B6 g7 , T cells from NOD mice did not show major differences in the dynamics of signaling ( Fig. 2A) , but quantitative differences were clear, including slightly decreased phosphorylation levels of CD3ζ and SLP76, a more pronounced decrease in the phosphorylation of the ERK1/2-S6-CREB-MAPKAPK2 signaling module, and an impaired degradation of IκBα at late time points poststimulation. In contrast, other signaling nodes (p-LAT, p-FAK, NF-κB, PARP, and RB) seemed less affected by NOD genetic variation. To quantify these differences, these stimulation experiments were repeated with seven independent pairs of B6 g7 and NOD mice, and the phosphorylation differential between the two genetic backgrounds was averaged (Fig. 2B ). These differences were reproducible and significant across independent stimulation series: pCD3ζ at 30 s, P = 0.003; pSLP76 at 1 min, P = 0.0007; pERK1/2 at 2 min, P = 0.0006; pS6, pCREB, and pMAPKAPK2 at 3 min, P = 0.001, P = 0.003, and P = 0.001, respectively; IκBα at 20 min, P = 0.001 (t test). The differences in pCD3ζ abundance were small but consistent ( Fig. 2 B and D) ; this decreased phosphorylation did not result from a difference in total CD3ζ between B6 g7 and NOD T cells (Fig. S1 ), which is in accordance with the work by Lundholm et al. (18) . We conducted a control experiment with cells from B6 (CD45.2) and B6.CD45.1 congenic mice to evaluate the contribution of technical variation. The phosphorylation differential detected between genetically identical mice was minimal (Fig. S2) , confirming that the variations did reflect true differences in TCR signaling networks. To determine if these selective signaling defects in NOD Tconvs could be compensated for by increased signal strength, we repeated this experiment in the presence of anti-CD4 in addition to anti-CD3 and -CD28. As expected, the recruitment of CD4 coreceptors in the vicinity of TCR and CD28 costimulatory molecules led to enhanced and more sustained signaling events in both B6 g7 and NOD Tconvs (Fig. 2C ). The selective attenuation in the phosphorylation of SLP76 and ERK1/2-S6-CREB and the impaired degradation of IκBα previously seen in NOD T cells were again observed but more muted than without CD4 (about 50% of the reduction seen in anti-CD3/28-stimulated cells). These differences were also present in T cells from BDC2.5 TCR tg mice (19) , in which the TCR repertoire is restricted (Fig. S3) . Therefore, these differences reflected intrinsic properties of NOD TCR signaling networks, irrespective of the TCR specificity. To bolster these mass cytometry results, we confirmed with fluorochrome-conjugated antibodies the differences in the phosphorylation of CD3ζ, SLP76, ERK1/2, and S6 and the total levels of IκBα (Fig. 2D and  Fig. S4 ).
Impact of NOD Genetic Variation at the Single-Cell Level. Mass cytometry informs on signaling events at the single-cell level, which can potentially shed light on novel signaling mechanisms by exploiting the natural variation in signal intensity and activation status of signaling nodes in individual cells. Information on how signals are processed and propagated can be inferred by analyzing relationships in a large number of individual cells. To learn pairwise relationships between signaling molecules, we used a conditional density-based method known as conditional density rescaled visualization to visualize directional relationships between molecules (20) . After designating the x and y axes of a graph to represent the log-transformed signal intensity for two molecules, this method partitions the data into thin slices along the x axis and calculates a local density on the y axis for each slice on the x axis (Fig. 3A) . Then, the visual is rendered slice by slice by coloring with the corresponding conditional density and smoothing. The signaling relationships generally took a sigmoidal form, with information in both the shapes of the sigmoid and its inflection points as illustrated, for example, for the pCD3ζ-pSLP76 connection (edge) in 
between low and high pSLP76 at a value of pCD3ζ between 0.5 and 1 min revealing a digital type of response. It was maintained for several minutes but with a clear shift in the inflection point: lower levels of pCD3ζ were required for a transition to high pSLP76 at 1 min but then, were shifted back to higher levels, perhaps indicating that a negative control element (e.g., a phosphatase such as CD45, PTPN22, or SHP-1) (21) comes into play extremely quickly to dampen SLP76 activation by the pCD3ζ-ZAP70 complex. These curves had similar shapes for NOD T cells but were shifted to the right, indicating that the threshold value of CD3ζ phosphorylation required for maximal phosphorylation of SLP76 was higher. Thus, the main difference between T cells of the two strains was the relationship between pCD3ζ and pSLP76 rather than the actual abundance of total or phosphorylated CD3ζ subunits. Interestingly, the pCD3ζ-pSLP76 edge differed between NOD and B6 g7 T cells not only after TCR stimulation but also, in unstimulated cells, suggesting that the trophic MHC-TCR tickling is also affected in NOD T cells. Therefore, this method allowed us to detect subtle differences in the relationships between activated signaling intermediates with overall abundances that were not very different when averaged at the population level.
In contrast, the pERK1/2-pS6 edge was nearly linear at the peak (∼4 min) (Fig. 3C ) without signs of a digital jump in pS6 or a plateau across the operational range of pERK1/2. In T cells from NOD mice, this edge was less active and did not reach the levels of pS6 observed in B6 g7 T cells, even at equivalent levels of ERK1/2 phosphorylation.
The pMAPKAPKII-IκBα edge was not active until later time points (10-20 min), and it showed a clear digital behavior with two distinct states (IκBα high and IκBα low states) (Fig. 3D) , consistent with conventional cytometry data (Fig. 2D ). This negative relationship showed that a decrease in IκBα protein (resulting from proteolytic degradation) was only observed beyond a certain level of upstream signaling, which was assessed here by MAPKAPKII phosphorylation. This curve was shifted to the right in T cells from NOD mice, and a smaller fraction of cells from the NOD strain reached the IκBα low state. The same conditional density plots were generated for cells stimulated with the stronger anti-CD3/CD28/CD4 combination (Fig. 3E) . The phosphorylation of both SLP76 and ERK1/2 showed a largely digital behavior, which was indicated by the shapes of the pCD3ζ-pSLP76 and pSLP76-pERK1/2 edges and is in accordance with earlier reports (22) (23) (24) (25) . The marked differences between B6 g7 and NOD T cells largely disappeared under these strong stimulation conditions, indicating that the strength of upstream signals affects the conditional relationship between downstream signaling nodes.
Relationships Between the Observed Defects in NOD T Cells. As noted above, small but consistent differences in the abundance of pCD3ζ species were detected in T cells from B6 g7 and NOD mice. The differences in phosphospecies abundances tended to increase along the TCR signaling cascade, with less than a 10% difference in pCD3ζ translating into a 15% difference in pSLP76, a 40% difference in pERK1/2, and an almost 60% difference in pS6 (Fig. 4A) . We, thus, analyzed the possibility that small initial differences in the phosphorylation of CD3ζ chains might contribute to downstream phosphorylation defects, using the edge activity metric that was developed in ref. 20 , which extracts the values of peak density (Fig. 4B, red) for each x slice of the density plots and averaging them. These values were interpolated to create a smooth curve for each edge, and this curve was integrated to obtain the area under the curve, which is a measure of total kinetic edge activity. The area under the curve metric revealed that the small difference in overall abundance of pCD3ζ in T cells from NOD mice actually translated into a much larger difference in pSLP76, because the signal was passed to pSLP76 through an edge with much lower activity (47% lower) at the single-cell level. This trend continued, with decreased activity of downstream pSLP76-pERK1/2 (56% lower activity) and pERK1/2-pS6 edges (53% lower activity) (Fig. 4B) . Therefore, amplification of the differences occurred, because the small difference in the pCD3ζ level was translated into larger differences when passed through differentially active edges along the signaling chain, resulting in the strongly impaired phosphorylation of ERK1/2 and S6 kinase.
To test this hypothesis, we conditioned the analysis of the pSLP76-pERK1/2 edge on various levels of pCD3ζ in T cells from B6 g7 mice: should the lower level of pCD3ζ in NOD T cells lead to decreased activity of downstream edges, selecting B6 g7 T cells with varied levels of pCD3ζ would reproduce the same downstream effects. The cell population at 2 min was divided into five bins based on levels of pCD3ζ (Fig. 4C, Upper) , and conditional intensity in the pERK1/2-pS6 edge was computed for each bin. In accordance with our hypothesis, cells with lower pCD3ζ levels had less active pERK1/2-pS6 edges manifested by a shift of the density curve toward the right, indicating that higher levels of pERK1/2 were required to reach the same levels of pS6 (Fig. 4C) . Even a 20% decrease in pCD3ζ abundance led to a marked reduction in pERK1/2-pS6 edge activity. Thus, the relationship between the intensity of the triggering pCD3ζ and the conditional activity of downstream edges also applies in the reference mouse strain.
Another explanation for the spread of differential activation in NOD T cells might be that a primary defect in ERK activation exists and dampens (through less efficient positive feedback) the activation of earlier steps in the TCR response cascade. To test this hypothesis, we compared T-cell activation in Erk2-sufficient B6.CD45.1 and Erk2-deficient B6.CD45.2.Erk2 fl/fl .CreERT2 mice. Erk2-deficient T cells showed the expected decrease in pERK1/2, pS6, and to a lower extent, pMAPKAPK2 (Fig. 5) . However, the activation of all proximal TCR signaling nodes (pCD3 and pSLP76) was intact, and there was no difference in total IκBα levels (Fig. 5) . Thus, the initial differences in pCD3ζ and pSLP76 are truly attributable to NOD genetic variation and not an indirect effect of the Erk2 deficiency.
CD4SP thymocytes, CD44 hi effector/memory CD4 + T cells, and CD25
+ CD4 + Tregs showed the same B6 g7 vs. NOD differential of the ERK1/2-S6-CREB signaling module and a more subtle difference in pCD3ζ (Fig. S5A) . These defects were also observed in polyclonal DP thymocytes and BDC2.5 TCR tg DP thymocytes on stimulation with anti-CD3/28/4 (Fig. S5B) , albeit with a stronger differential on pCREB than on pS6. When activated more physiologically by A g7 MHC tetramers loaded with BDC2.5 agonist peptide (Fig. S5C) , DP thymocytes showed similar defects.
Discussion
This application of mass cytometry shows a dynamic map of TCR-induced phosphospecies in T cells and their genetic variation at an unprecedented resolution. This experimental strategy offers several advantages compared with the more conventional immunoblot or fluorescence-based detection of phosphorylation events. (i) This approach is highly multiparametric, allowing for the simultaneous detection of up to 36 molecular species, and it should allow up to 100 metal masses, with future developments of new antibody reagents and metal conjugation chemistries. (ii) Mass cytometry allows the direct comparison of multiple cell subsets within the same heterogeneous sample; the robustness of our results relies on mixing cells of the two strains in the same tube and eschewing technical variations, which are nontrivial for such rapid responses. One caveat to our study is that the perspective is limited to the phosphorylation events for which flow compatible antibodies are available, which may miss some important sites or sites of different functional consequence on a single molecule. (iii) The resulting single-cell data bring the possibility to not only analyze signaling events as population averages for a cell type at a given time point but also, computationally extract information from correlated analysis of nodes in individual cells by observing and exploiting the variation and stochasticity in the population.
This exploration was motivated by our prior observation that T cells from NOD mice have a defect in the ERK1/2 signaling module (5). We used a panel of 25 antibodies to probe signaling networks in T cells from NOD mice across 15 time points to determine if this defect in ERK1/2 signaling is the sole node impacted by NOD genetic variation and if not, trace the origin of the defect. This analysis showed that overall TCR signaling dynamics are normal in NOD mice. However, two signaling modules seemed to be strongly affected: the ERK1/2-S6-CREB module, which had components that were less phosphorylated, and IκBα, whose degradation was impaired. Upstream of these pathways, we also noted more subtle reductions in the phosphorylation of pCD3ζ and pSLP76. Activation of other signaling pathways seemed largely unaffected, which is in agreement with the observation that Ca 2+ signaling is normal in T cells from NOD mice (5). The ERK1/2 and IκBα defects were not directly related, because Erk2-deficient T cells recapitulated the defects in ERK1/2 and S6 phosphorylation but not those in IκBα degradation.
Analysis of these data at single-cell resolution by determining the conditional intensity of activation of one node as a function of the activation of its predecessors allowed an integration of these observations by showing the differential activity of several edges along the path from pCD3ζ to pERK-pS6. The edge analysis revealed that the pSLP76-pERK1/2 and pERK1/2-pS6 edges were less active in T cells with lower pCD3ζ activation. It was not simply that cells with lower pCD3ζ had lower pERK1/2 (which would be trivial) but that the relation between pSLP76 and pERK was shifted as a function of pCD3ζ (at an equivalent level of pSLP76, the amount of pERK1/2 generated was lower in cells with low pCD3ζ). Thus, a small difference in signal intensity at the apex of the cascade influenced the efficiency of some of the downstream steps. This observation was true whether comparing B6 g7 and NOD T cells or across the range of B6 g7 T cells distinguished as a function of their pCD3ζ levels. In other words, one cannot think of the pSLP76-pERK1/2 edge as an isolated unit that maps levels of pSLP76 to pERK1/2 but must think of it as one with efficacy that is affected by upstream events (in effect, a form of kinetic proofreading). Thus, these observations show that the TCR signal transduction system is distinctly nonlinear, amplifying small differences as it propagates the signal. As proposed previously (26, 27) , this property contributes to the exquisite sensitivity of T cells for ligands for which the TCR has only moderate affinity and that need to be discriminated from very similar analogs.
If the defective pERK1/2 and IκBα activations result from subtly lower activation of proximal TCR signaling, why are only some but not all signaling pathways affected in NOD T cells? The mechanisms evoked above may result, depending on the properties of each downstream signaling module, such as their activation threshold or analog/digital behavior, in differential sensitivity to small differences in initial activation. Indeed, T-cell signaling pathways leading to cytokine production and proliferation were reported to be differentially sensitive to immunoreceptor tyrosine-based activation motif (ITAM) multiplicity and differences in proximal signaling (28) . The ERK1/2 signaling node functions as a bimodal switch (22) (23) (24) (25) , and this digital behavior is reflected here. In contrast, the down-stream phosphorylation of S6 seems to be an analog type of response, thus revealing the existence of mechanisms converting digital ERK1/2 signals into downstream analog outputs. Single-cell analysis of IκBα degradation also revealed a digital behavior, which is in agreement with a previous report (29) .
The root of impaired pCD3ζ activation and its downstream consequences in NOD mice remains to be identified. The rightward shift of the conditional intensity curve indicated that a higher number of pCD3ζ subunits was required to reach the same level of SLP76 phosphorylation as in B6 g7 mice. These observations suggest that some CD3ζ subunits may be sequestered or not available to participate in functional signalosomes, a hypothesis in agreement with earlier reports showing that NOD T cells have an excess of free CD3ζ chains on the plasma membrane (15) . Alternatively, regulatory phosphatases like PTPN22, which has genetic variants that are linked to several autoimmune diseases (21) , could constrain CD3ζ phosphorylation in NOD cells.
ERK kinases are strictly required for thymic positive selection (9) , and thymic selection of Tregs is impaired in NOD mice, generating a reduced TCR repertoire diversity (12) . This selection defect in NOD mice was recently mapped to the same genetic locus (Idd9) that controls the attenuation of the ERK signaling module in NOD T cells (6) . Altogether, these observations suggest that the impaired activation of the ERK signaling module and the decreased diversity of the Treg repertoire in Phosphorylation differential between Erk2-deficient and -sufficient mice averaged across two independent series.
NOD mice are causally linked events. Importantly, the Idd9 region affords significant protection from spontaneous diabetes and includes several candidate genes that might plausibly affect TCR signaling, particularly Lck, which could contribute to the proximal TCR signaling defect. Beyond thymic selection, it remains to be determined if the defect in ERK signaling also affects Treg homeostasis and suppressive functions. Finally, the functional importance of the impaired degradation of IκBα was not explored here, but given the importance of the NF-κB pathway in Tregs (30) , it is possible that it may also impact Treg physiology in NOD mice.
In conclusion, applying the unique capability of mass cytometry to the detection of phosphospecies has provided a highresolution map of signaling events in T cells, uncovering a mode of signal propagation in which small initial differences are selectively magnified in the differential activation of downstream edges and nodes, and identified the subtle footprint of NOD genetic variation on TCR signaling networks.
Methods
Mice. Mice were maintained in specific pathogen free facilities at Harvard Medical School (Protocol 02954). Age-matched 4-to 6-wk-old male B6 g7 and NOD, BDC2.5 TCR tg mice on B6 and NOD backgrounds (5) Cell Stimulation. Lymph node or thymus cell suspensions from B6 g7 and NOD mice were mixed in the same tube, stimulated in medium containing 6 μg/mL biotinylated anti-CD3e and anti-CD28 stimulatory antibodies, and incubated for 2 min at 37°C before the addition of 24 μg/mL streptavidin. At various times after cross-linking, the stimulation was stopped by the addition of paraformaldehyde to 2% (wt/vol) (room temperature for 20 min). In some experiments, biotinylated anti-CD4 antibodies were also included in the stimulation mix. For tetramer stimulation, A g7 /BDC2.5 tetramers (National Institutes of Health Tetramer Facility) were added to 10 μg/mL.
Detection of Phosphosignaling Events by Flow and Mass
Cytometry. PFA-fixed and frozen lymphocyte suspensions were thawed on ice. In some cases, samples were first barcoded using all six stable palladium isotopes as previously described (31) . Each barcoded tube contained 20 individual samples and was stained in 300 μL. Single samples of 10 6 cells were stained in 50 μL with a mixture of metal-conjugated antibodies directed against surface and intracellular antigens, prepared, and titrated as described (17) (Table S1 ) using a two-step procedure. For fluorescent phosphoflow experiments, the same fluorochrome-conjugated antibody clones were used. After acquisition on a CyTOF I (Fluidigm), time series were normalized to internal bead standards (32) . Phosphorylation was calculated as the difference between the inverse hyperbolic sine (arcsinh) of the median signal intensity at any time point and the arcsinh of the median signal intensity in unstimulated conditions (cells incubated in medium without antibodies). The arcsinh transformation (17) , similar to the biexponential transformation used for flow cytometry data, is standard for mass cytometry and necessitated by the presence of negative data values resulting from background subtraction and the absence of background autofluorescence in mass cytometry. It essentially applies a log scale to large values in the data but preserves linearity near zero.
Computational Analyses of Mass Cytometry Data. Mass cytometry data plots, heat maps, histograms, and fold change analyses were made with software tools available at www.cytobank.org and custom R scripts. The analysis of relationships between signaling molecules used novel computational algorithms ( 
